infections. Although the role of A. baumannii in periodontal disease is unknown and its interactions with other organisms within the oral microbial community are largely unstudied, it is often associated with anaerobic late colonizers. This is potentially due to antagonistic interactions with the early colonizer Streptococcus sanguinis, which inhibits A. baumannii growth. 14 The presence of A. baumannii with classical periodontal pathogens such as P. gingivalis, Treponema denticola, Aggregatibacter actinomycetemcomitans, and Tannerella forsythia is associated with aggressive and chronic periodontitis. [15] [16] [17] [18] Additionally, patients suffering from periodontitis are more likely to be refractory to treatment if A. baumannii is present. 19, 20 There is a lack of evidence showing a causal relationship between periodontal and pulmonary diseases, but oral plaque has been suggested as a reservoir for potential respiratory pathogens, and aspiration of these bacteria can lead to pneumonia. 21 Moreover, several studies have shown that the severity of periodontal disease is linked to adverse respiratory conditions. A study of elderly patients with periodontitis demonstrated that >4 mm probing depth in at least 10 teeth was associated with an increased mortality due to pneumonia. Additionally, decreased periodontal ligament attachment and increased alveolar bone loss, two hallmark clinical manifestations of periodontitis, have been linked to reduced pulmonary function. [22] [23] [24] Beyond periodontitis, specific periodontal pathogens may contribute to the etiology of respiratory diseases. Common periodontal pathogens Fusobacterium nucleatum and Bacteroides spp. (since reclassified as P. gingivalis and Prevotella intermedia) have been isolated from patients with aspiration pneumonia and lung abscesses. [25] [26] [27] Synergistic polymicrobial interactions involving oral bacteria have also been demonstrated for respiratory diseases. Mixed infections of P. gingivalis and T. denticola in a pneumonia mouse model caused more severe bronchopneumonia and increased mortality compared with monoinfections. 28 The bronchial clearance of P. gingivalis was delayed in the presence of T. denticola, and pro-inflammatory cytokines were increased in mixed infections. Polymicrobial infections of oral pathogens P. gingivalis, F. nucleatum or Aggregatibacter actinomycetemcomitans increased the invasion of Pseudomonas aeruginosa into HEp-2 cells, stimulated greater cytokine production, and elevated apoptotic cell death compared with infection with
Peudomonas aeruginosa alone. 29 The commensal oral bacterial species Actinomyces naeslundii and Streptococcus gordonii did not affect
Peudomonas aeruginosa invasion. Collectively these studies suggest that oral pathogens can either directly infect the lower respiratory system or synergistically influence respiratory pathogens and enhance disease.
As P. gingivalis and A. baumannii can be located together in the oral biofilm, study of their polymicrobial communities and interspecies interactions may begin to illuminate their contributions to the etiology of both periodontal and respiratory diseases. Here, we have used RNA sequencing (RNA-Seq) to study the transcriptional response of P. gingivalis and A. baumannii in a model community.
The results provide novel insight into the physiological response and the potential synergistic interactions between P. gingivalis and A. baumannii.
| MATERIAL S AND ME THODS

| Bacterial strains and growth conditions
Porphyromonas gingivalis ATCC 33277 was grown anaerobically in trypticase soy broth (TSB) supplemented with 1 mg/mL yeast extract, 5 μg/mL hemin and 1 μg/mL menadione. TSB was supplemented with 5% sheep blood and 5% agar for growth on solid media.
Acinetobacter baumannii AB0057 was grown aerobically in brainheart infusion (BHI) broth or BHI agar plates.
| Community development
Polymicrobial communities for sequencing were generated as previously described. 30 Cells (1 × 10 9 ) of P. gingivalis and A. baumannii were pelleted by centrifugation and resuspended in phosphate-buffered saline (PBS). The two species were then mixed, pelleted and held aerobically at 37°C for 3 hours. Control P. gingivalis and A. baumannii cells alone were prepared under the same conditions.
| RNA purification, sequencing, and analysis
Total RNA was isolated from the cells using the Qiagen RNAeasy kit (Qiagen, Germantown, MD, USA) with DNase treatment. Ribosomal RNA depletion was performed using the Ribo-zero rRNA removal kit for bacteria (Illumina, San Diego, CA, USA) and the libraries were constructed with the TruSeq mRNA library kit (Illumina).
High throughput sequencing was performed on a HiSeq 2500v.4
(Illumina) at the University of Michigan Medical School Sequencing
Core. Reads were mapped to the reference genomes from NCBI for A. baumannii AB0057 31 and P. gingivalis ATCC 33277. 32 Normalized read counts and P-values for differential expression were computed for 4 biological replicates. The P-values were corrected for multiple hypothesis testing using the q-value method. 33, 34 Transcripts with an absolute log 2 -fold difference of >0.5 and the q-value <0.001 were considered statistically different. Data processing and analysis for differential expression were performed by the University of Michigan Bioinformatics core. All sequencing reads and analyzed data were deposited at the Gene Expression Omnibus (GEO, accession number GSE111038). Topological pathway analysis was performed using the Bioconductor software package, which takes into account the position of the differentially expressed genes in the pathway map from the Kyoto Encyclopedia of Genes and Genomes (KEGG). 35 Pathways were identified as significantly regulated when the false-discovery rate was <0.05.
| Quantitative reverse transcriptase-PCR validation
To validate the RNA-Seq results, expression of select genes was determined by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). Porphyromonas gingivalis, A. baumannii, and P. gingivalis-A. baumannii communities were developed and RNA was isolated as described above. RNA was isolated from three independent experiments and converted to cDNA using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). qRT-PCR was performed by StepOne Plus (Applied Biosystems) using the ΔΔCt method using 16s rRNA as an internal control. Primers used for qRT-PCR are described in Supplementary material (Table S1 ).
| Heterotypic community development and confocal microscopy
Communities of P. gingivalis and A. baumannii were generated essentially as described previously. 
| RE SULTS AND D ISCUSS I ON
Transcripts from mixed communities of P. gingivalis and A. baumannii following 3 hours of aerobic co-incubation were analyzed to identify differentially expressed genes compared with both bacterial species in monoculture. Our previous analysis of the transcriptional response of P. gingivalis to S. gordonii over time revealed the most consistent transcriptional changes occurred between 2 and 6 hours of co-incubation. 37 
| Phenylacetic acid catabolism
The phenylacetic acid catabolism (PAA) pathway is encoded by the paa operon (AB57_1518-AB57_1530) and is essential for the catabolism of several aromatic compounds such as phenylacetate, and yields acetyl-and succinyl-CoA, used by the tricarboxylic acid (TCA) cycle. 39 The PAA pathway of A. baumannii as well as other pathogens is associated with virulence and modulation of neutrophil chemotaxis. 40, 41 PaaABCDE form a multi-protein complex that is most closely associated with virulence through production of toxic shown to induce succinate biosynthesis and secretion in T. denticola for cross-feeding. 42 Although P. gingivalis lacks a PAA pathway, it does retain a paaK homolog (PGN_0228), which was upregulated in communities with A. baumannii. PaaK catalyzes the conversion of phenylacetate to phenylacetyl-CoA (PA-CoA), a terminal product for P. gingivalis. PA-CoA was shown to be the inducer of the PAA pathway in Pseudomonas putida. 43 Hence, P. gingivalis may synthesize PACoA, which in turn stimulates the PAA pathway of A. baumannii and leads to increased levels of acetyl-CoA and succinyl-CoA. Beyond the potential for metabolic cross-feeding, increased catabolism of phenylacetate may result in decreased neutrophil chemotaxis as phenylacetate from A. baumannii is a neutrophil chemoattractant. 40 Such a process could link nutritional cross-feeding with polymicrobial synergy in P. gingivalis-A. baumannii communities.
| Expression of adhesins in P. gingivalis-A. baumannii communities
Colonization of the oral cavity and development of the polymicrobial biofilm involves attachment to both biotic and abiotic surfaces.
Porphyromonas gingivalis produces a number of adhesins such as the The Mfa1 fimbriae accessory Mfa3-5 transcripts were higher in the P. gingivalis-A. baumannii community compared with P. gingivalis alone, while Mfa1 and Mfa2 were unchanged. Mfa1 is the structural fimbrial subunit while Mfa2 acts as an anchor and regulates filament length. Mfa3-5 are located along the fimbrial structure and have been shown to be co-expressed as an operon with Mfa1-2. 48 Mfa3 is localized to the fimbrial tip and is essential for the Mfa4 and Mfa5 integration into the mature fimbriae. 49 Post-transcriptional regulation of Mfa3-5 may modulate the expression of the accessory proteins independently from mfa1. These findings are supported by our previous analysis of the transcriptional response of P. gingivalis to S. gordonii. 37 In both studies, detailed analysis of the reads mapped to the mfa operon reveal that mfa1 expression is detached from the downstream mfa2-5 genes. These differences may be due to inter-operon transcriptional start sites, differences in mRNA stability or transcriptional attenuation. Additional studies in our laboratory are exploring Acinetobacter baumannii encodes 4 distinct type 1 pili, 3 of which were differentially expressed in the polymicrobial community. 50 The first gene cluster comprising AB57_1744 through AB57_1747 was unchanged compared with A. baumannii alone (Figure 3 ). This fimbrial cluster has been shown to be upregulated in biofilm cells versus planktonic growth but a direct involvement in biofilm formation has not been established. 51 This cluster was also found to be downregulated under iron-limited conditions. 52 The type 1 pilus produced by the CsuA/BABCDE usher-chaperone assembly system is essential for initial biofilm development by attaching to abiotic surfaces and mediating early biofilm development. 51, 53 These pili have additionally been shown to mediate attachment to alveolar epithelial cells and Candida albicans. 54 The major pilin subunit CsuA/B and the ac- 60 Assembly of the TssB/C sheath is also dependent upon the gp25-like protein, TssE. TagX is a peptidoglycan hydrolase and is an essential enzyme in allowing transit of the T6SS machinery through the A. baumannii peptidoglycan. 61 The T6SS leads to the export of two hallmark effector proteins, Hcp and VgrG. 60 Hcp forms hexameric rings and is homologous to the phage protein gpV. The presence of Hcp in the supernatant of T6SS encoding organisms is evidence for a functional secretion system. Hcp and VgrG are usually co-dependent for export. TssM, TssB, and Hcp have all been shown to be essential for A. baumannii pathogenicity in a murine septicemia model. 58 The 
| Type IX secretion
Porphyromonas gingivalis produces a type IX secretion system (T9SS) for the movement of proteins across the outer membrane. 66 Currently over 30 proteins that contain a conserved C-terminal domain, that is required for secretion, are transported through the T9SS. Genes encoding the core machinery of the T9SS are scattered across the P. gingivalis genome with the exception of the porKLMN operon. The transcript levels for the porKLMN operon were increased in the P. gingivalis-A. baumannii community (Table 3) . Additional T9SS machinery genes sov, porU, porV, and porZ were also significantly upregulated in response to A. baumannii.
The T9SS is regulated by the 2-component system proteins PorX and PorY that function through the transcriptional regulator SigP. 67 While neither the histidine kinase nor the response regulator were differentially expressed, transcript of SigP, which has been shown to directly interact with the porKLMN promoter, was increased. 68 A number of important virulence-associated proteins such as peptidylarginine deiminase (PPAD) and the gingipains are secreted through the T9SS. 66 Increased levels of the T9SS components may contribute to more significant virulence in the P. gingivalis-A. baumannii community compared with P. gingivalis. In addition to the core T9SS, 20 of the 30 T9SS-secreted proteins also showed differential expression; 11 were upregulated and 9 downregulated (Table 3) .
PPAD and the arginine-specific gingipain RgpB are two potential virulence factors that had the highest degree of upregulation. [68] [69] [70] [71] C5a citrullination by PPAD has been shown to reduce neutrophil chemotaxis, 72 suggesting a second potential mechanism of synergistic neutrophil manipulation by P. gingivalis and A. baumannii in addition to phenylacetate metabolism and this could be the focus of future studies.
| Proteases
Porphyromonas gingivalis is an asaccharolytic organism that relies on proteolysis to reduce proteins to peptides that serve as carbon and nitrogen sources. 44 A class of cysteine proteases, the gingipains, are important virulence factors, 73 and gingipains are specific for either arginine (RgpA/B) or lysine (Kgp). In addition to nutrient acquisition, gingipains are also involved in processing of surface proteins and degradation of host proteins. The gingipains degrade host immune proteins and can be released intracellularly and degrade host signaling proteins. 68, 74, 75 In our heterotypic communities, only RgpB was significantly upregulated while RgpA and Kgp were not differentially expressed (Table 3) . PrtT, a trypsin-like protease that is linked to virulence in a mouse abscess model 76 was also upregulated in the P. gingivalis-A. baumannii community.
| Tetratricopeptide repeat domain proteins
The tetratricopeptide repeat (TPR) domain is a protein-protein binding motif that is often repeated within functionally diverse proteins.
In P. gingivalis, genetic deletion of tprA (PGN_0876) was shown to reduce virulence in a mouse abscess infection model. 77 tprA was upregulated in the heterotypic community compared with P. gingivalis alone (Figure 4 ). Among the other TPR proteins, PGN_0996 and PGN_1323 were also increased in response to A. baumannii while PGN_0972 was reduced. In A. baumannii, AB57_0888 is a TPRdomain containing lipoprotein that is annotated as a DNA uptake protein as part of the competence system, and this gene is increased in response to P. gingivalis. Collectively these data suggest that P. gingivalis may be more virulent in response to A. baumannii, while A. baumannii can upregulate its DNA uptake system, which provides an advantage in a competitive polymicrobial environment.
| Acinetobacter baumannii capsule biosynthesis
Capsules are essential virulence factors in numerous bacterial species. Acinetobacter baumannii isolates produce at least six different capsule types with the enzymes involved in biosynthesis of sugar precursors and surface polysaccharide transferases being the most variable in gene arrangement. 78 Nearly every strain possesses a capsule-encoded locus, including AB0057 used in this study (AB57_0090-AB57_0116). Within this locus, 10/27 genes were significantly upregulated in the heterotypic community compared with A. baumannii alone (Table 4) , including the tyrosine kinase (AB57_0091) and the wza gene (AB57_0093), which have been shown to be essential for capsule production. 79 Genetic deletion of either gene results in increased sensitivity to human serum and decreased virulence in a murine subcutaneous infection model. 79 In addition to the capsule locus, AB57_1078 encodes a wzi homolog that in other bacteria has been shown to be essential for attachment of the capsule to the outer membrane. 80 These data suggest that A. baumannii may increase capsule biosynthesis in the presence of P. gingivalis, which would make A. baumannii more resistant to innate immune killing mechanisms and more virulent.
| Iron acquisition by Pg
Iron is essential for the growth and survival of bacteria in the human host as this critical metal is required as a cofactor for many essential enzymes involved in cellular and metabolic processes. In the host, iron is tightly sequestered by ferritin, lactoferrin and transferrin to protect against oxidative damage by the Fenton reaction.
Acquisition of iron is an essential survival and virulence trait of all successful pathogens.
Growth of P. gingivalis is dependent upon iron acquisition in the form of hemin. 81, 82 Interestingly the regulation of iron-acquisitionrelated genes within our heterotypic communities was variable (Table 5 ). The hmuYRSTUV operon encodes a hemin-binding protein
HmuY and the membrane-bound receptor HmuR. The operon contains 4 of the 10 most positively regulated genes in the P. gingivalis-A. baumannii community. Consistent with increased need for iron acquisition, ferritin transcript levels were reduced, indicating reduced need for iron storage. Additionally, PGN_1058 (bacterioferritin comigratory protein, bcp), which has previously been shown to be downregulated during iron-limited conditions, 83 was significantly reduced in the P. gingivalis-A. baumannii community. In contrast, mRNA for the TonBlinked receptor, Tlr, and HtrABCD which comprise an ABC transport system involved in hemin acquisition, 84 were strongly reduced in the P. gingivalis-A. baumannii community. Additional hemin uptake systems encoded by the iht 85 and hus 86 operons were not differentially expressed in the P. gingivalis-A. baumannii communtities. HaeR/S is a two-component system that regulates iron acquisition. 83 Both HaeR and HaeS showed reduced expression in the P. gingivalis-A. baumannii community; however, only HaeR was determined to be significant due to a q-value that did not meet our strict significance cut-off for HaeS.
HaeR was demonstrated to act as both an activator and repressor depending on promoter binding and hemin concentration. Interestingly, HaeR has also been shown to regulate the hmu operon, htrA and bcp, suggesting that all differentially expressed genes in response to
A. baumannii may be through HaeR, 83 although transcript levels for the two-component system do not necessarily reflect activation status and information flow.
| Dual-species community development
Both P. gingivalis and A. baumannii are biofilm-producing organisms that can be found as part of complex polymicrobial communities during infection. The RNA-Seq data revealed transcriptional responses in both P. gingivalis and A. baumannii adhesins associated with biofilm formation in the mixed communities compared with mono-species biofilms.
In a dual-species community model we found the abundance of P. gingivalis was significantly increased in the presence of A. baumannii compared with monotypic conditions ( Figure 5 ). These data demonstrate that the transcriptional changes highlighted in the RNA-Seq communities can lead to increased heterotypic community development. suggests that while P. gingivalis can directly interact with both S. gordonii and A. baumannii, S. gordonii may provide prolonged stimuli for heterotypic community maintenance, whereas following initial community formation with A. baumannii the fimbriae are no longer required. Another interesting comparison is the overall stress response of P. gingivalis to different community members.
In this study we found no significant transcriptional changes in either the general stress response or the oxidative stress response of P. gingivalis, despite the presence of oxygen during community development. In contrast, P. gingivalis stress responses were downregulated in the presence of S. gordonii, highlighting their strong physiological compatibility. One notable exception was the oxidative stress response genes, which were upregulated in the presence of S. gordonii. These differences may highlight that as a strict aerobe, A. baumannii unlike S. gordonii may provide a strong oxidative protection to P. gingivalis. One common response of P. gingivalis to both A. baumannii and S. gordonii is the upregulation of the T9SS.
This secretion system functions in the export of key virulence determinants such as PPAD and the gingipain proteases. While the community-associated functions of these diverse effectors are largely uncharacterized, the increased secretion of potential community effectors in response to polymicrobial environments may result in community-wide alterations that are hallmarks of the dysbiosis associated with P. gingivalis infection.
| CON CLUS ION
Here we present a comprehensive transcriptional analysis of the key periodontal pathogen P. gingivalis and the opportunistic pathogen A. baumannii as they sense and adapt to a heterotypic community. to determine to what extent the results from this model are applicable to an in vivo setting. In particular, study of the role of metabolic mutualism, differential protein secretion, and capsule biosynthesis may provide novel insights into synergistic pathogenicity.
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